InGaAsSbN quantum wells ͑QWs͒ have been investigated for potential light-emitting devices in the midinfrared region. This paper presents the growth and properties of molecular beam epitaxially grown InGaAsSbN single QWs using a variety of characterization techniques. A 10 K photoluminescence emission at 2.27 m, with a lowest full width at half maxima of 5 meV which shifted to 2.30 m on in situ annealing, has been observed. The presence of well resolved Pendellosung fringes in high resolution x-ray diffraction and sharp abrupt interfaces in the corresponding transmission electron microscope ͑TEM͒ images are indications of the high quality of these QWs. Raman spectroscopy studies reveal the presence of well resolved Raman peaks with higher intensity, along with the presence of sharp second order modes of GaSb, further attesting to the high quality of the QW structures grown. Investigation of the annealed samples using Z-contrast scanning TEM images reveals atomic interdiffusion between the QW and surrounding GaSb layers, increasing the effective thickness of the QW, which explains the redshift upon annealing.
I. INTRODUCTION
GaSb-based semiconductor alloys grown by molecular beam epitaxy ͑MBE͒ are attractive due to their applications in the 2 -5 m wavelength range. This wavelength region is also of great interest for various applications, such as infrared countermeasures, trace-gas detection through chemical absorptions, medical diagnostics, and free-space optical communications. During the past decade, different groups [1] [2] [3] [4] [5] [6] [7] have reported room temperature high-power continuous wave ͑cw͒ GaSb-based lasers, laser arrays, and light-emitting diodes operating in the spectral range from below 2 to over 3 m. In recent years, there has been significant success in pushing the wavelength beyond 3 m with InGaAsSb/ AlGaAsSb type-I GaSb-based lasers at room temperature with output power as high as 80 mW. [8] [9] [10] Recently, interband quantum cascade type-II GaSb-based lasers have achieved cw photoemission at 260 K in the same wavelength range, but the performance of the operation is limited by their low output power. 11, 12 Hence, the improvement in the design and performance of high-power type-I GaSb-based lasers is critical. Realization of high performance InGaAsSb/AlGaAsSb devices is limited by the possible strain-induced defects in AlGaAsSb, arising from the large mismatch between the lattice constants of the constituent binaries as well as large miscibility gap of In x Ga 1−x As y Sb 1−y , limiting its compositions. The development of long wavelength lasers beyond 3 m in InGaAsSb type-I configuration requires In concentrations as high as 50%. 9 However, higher In concentrations result in lower valence band offsets leading to hole leakage, which in turn reduces the laser performance. 3 The alternate approach is an addition of N in the above alloy, which lowers both the band gap as well as the lattice parameter of the alloy. Further, addition of N in III-V affects predominantly the conduction band offset, 13 lowering it, thus resulting in the reduction of the band gap. The band gap reduction is expected to be larger in dilute nitride antimonide systems in comparison to other III-V-dilute N system due to the electronegativities mismatch between N and Sb being the highest among the III-V. Hence, the addition of N in a small amount to the well-studied InGaAsSb type-I quantum well ͑QW͒ lasers is attractive for potential midinfrared devices operating at wavelengths beyond 3.5 m. However, the growth of quinary InGaAsSbN is challenging first because of the presence of five elements and second due to the large atomic size variation between N and Sb, where N is more likely to go into interstitial position in lieu of substitutional Sb sites. 14 The only study so far carried out on the Sb-rich InGaAsSbN QWs has been by Li et al. 15 The focus of their study has been on structural and optical properties of the InGaAsSbN/GaSb system and a 66 meV redshift due to N incorporation has been reported with a 77 K photoluminescence ͑PL͒ emission at 2.33 m.
In this work, we present a systematic study of correlating the growth conditions and effect of N incorporation on the emission, crystalline, microstructure, and vibrational characteristics of the strained single quantum well structure of the InGaAsSbN/GaSb using a variety of characterization techniques.
II. EXPERIMENTAL DETAILS
InGaAsSbN/AlGaAsSb QW heterostructures were grown by solid source MBE technique on Te-doped GaSb substrates using a Veeco 200 cc Corrosive Series Sb valved cracker effusion cell, a 500 cc valved cracker arsenic source, and an EPI Unibulb radio-frequency plasma cell for the nitrogen source. A Ϫ5 V bias voltage was applied to the deflector plates attached to the N plasma source. In order to optimize the growth temperature of the nitride QWs, a series of InGaAsSb͑N͒/AlGaAsSb QWs with a 5 nm of GaSb layer between the InGaAsSb͑N͒ and AlGaAsSb barrier layers was grown at different growth temperatures from 340 to 410°C. The barrier layers were grown at 475°C. Schematics of the band structure of the QW samples are shown in Fig. 1 .
One of the InGaAsSbN QW samples grown at 370°C was also subjected to in situ annealing in the growth chamber in Sb ambient at 370°C for 10 min after termination of the 5 nm GaSb cap layer above the QW and prior to the AlGaAsSb cap layer growth. This will be referred as in situ annealed sample.
Reflection high energy electron diffraction ͑RHEED͒ was used to monitor the in situ variation of the surface reconstruction during the growth of the QW structure. The RHEED patterns exhibited spots during oxide desorption, which turned into ͑1 ϫ 3͒ reconstruction during both GaSb and QW growths. The observations of these patterns, even at a low temperature of 350°C, are indicative of good quality of the layers grown. It was noticed that good PL emission were observed only on those QW structures that exhibited bright RHEED pattern at these low temperatures. The streaky RHEED patterns observed in all our InGaAsSbN growths, even at low growth temperatures Ͻ400°C, are indicative of two-dimensional growth with smooth surfaces.
High resolution x-ray diffraction ͑HRXRD͒ rocking curve measurements of the ͑004͒ plane were performed using a D 3 Bede Scientific diffractometer with a 0.5 mm detector slit. The thickness of the quantum well was found to be 10 nm as determined from the peak fit simulation of the experimental x-ray spectra. PL measurements at 10 K were carried out using a He-Ne laser as a light source with an excitation laser intensity of a few mW/ cm 2 and a 0.32 m double grating monochromator for wavelength dispersion with a liquid nitrogen cooled InGaAs detector.
Cross sectional samples of as-grown and in situ annealed InGaAsSbN QWs were prepared with focus ion beam milling and examined using a JEOL 2010F transmission/ scanning transmission electron microscope ͑TEM/STEM͒. Z-contrast imaging was employed to show the chemical distribution characteristics of the interfaces at the quantum wells.
The elemental compositions of In, Ga, Al, Sb, As, and N in InGaAsSb͑N͒ QW and AlGaAsSb confinement layers were determined from secondary ion mass spectrometry ͑SIMS͒ on InGaAsSb and InGaAsSbN QWs terminated with 5 nm GaSb cap layer ͓see QWs, respectively, grown at 370°C. These compositions, deduced by SIMS, are consistent with those determined by HRXRD.
Raman spectroscopy was carried out on similar asymmetric InGaAsSb/AlGaAsSb and InGaAsSbN/GaSb QW samples terminated after the 5 nm GaSb cap layer ͓Fig. 1͑b͔͒ to capture the Raman signal. The Raman spectroscopy was carried out at different locations of the sample to check the uniformity of data. HeNe laser with 633 nm excitation wavelength and a Horiba Jobin Yvon LabRam ARAMIS with a spectral resolution of 0.6 cm −1 for spectral dispersion were used. The Raman signal was detected using multichanneled air-cooled charge-coupled device and the peak positions were obtained from the Lorentzian fit to the data. Figure 2 shows the HRXRD ͑004͒ scan spectra of the full InGaAsSbN QW structure ͓Fig. 1͑a͔͒ grown under similar conditions and fluxes at four different growth temperatures of 340, 355, 370, and 410°C. The HRXRD peak position of the QWs remained invariant with marginal changes in the intensity. The in situ annealed structure, however, showed improved x-ray intensity. All samples exhibited Pendellosung fringes, and the quantum well is coherently strained. Figure 4 shows the PL dependence of the nitride QWs with the growth temperatures varying from 355 to 410°C. Although the overall PL spectral shape remains invariant with respect to non-nitride QW, the PL intensity is considerably reduced, and the band edge luminescence of the nitride QW is redshifted by 120 meV with the peak occurring at 0.54 eV ͑2. 27 m͒. An improved PL intensity with a full width at half maximum ͑FWHM͒ as low as 5 meV was achieved in QWs grown at 370°C; this compares favorably to the FWHM of 35 meV for the non-nitride QW. The TEM and Raman characterization studies discussed below were carried out on QWs grown at this temperature. It is also clear that the sharp features C i and phonon replicas PR i become more pronounced with increasing growth temperature while the energies remain unchanged from that of the non-nitride QW. Figure 5 compares the 10 K PL spectra of an in situ annealed InGaAsSbN QW to the as-grown InGaAsSbN QW for reference. The band edge peak of the QW in the in situ annealed QW exhibits a redshift from 0.54 eV ͑2.27 m͒ to 0.53 eV ͑2.30 m͒ with no significant change in intensity. However, the sharp PL features in the energy range of 0.65-0.72 eV that we have attributed to N clusters/centers are significantly reduced with in situ annealing. This suggests that the spatial origin of these centers/clusters most likely occurs near the QW/GaSb/barrier interfaces.
III. RESULTS

A. HRXRD
C. TEM
Figures 6͑a͒ and 6͑b͒ show the TEM micrographs of asgrown and in situ annealed InGaAsSbN QWs. Figures 6͑c͒  and 6͑d͒ and Figs. 6͑e͒ and 6͑f͒ represent the corresponding high magnification Z-contrast bright field and the high angle annular dark field STEM images, respectively. The dark area in images ͑a͒-͑d͒ represents QW layers. The images of asgrown and in situ annealed samples show layers of uniform thickness. While the GaSb layers between the well and barriers are clearly delineated in the as-grown sample ͓Fig. 6͑c͔͒, it can no longer be distinguished as a separate layer in the annealed one ͓Fig. 6͑d͔͒. Figure 6͑d͒ shows that the QW/ GaSb interface has become diffuse due to interdiffusion in the in situ annealed sample. Figure 7 shows the room temperature micro-Raman spectra of InGaAsSb/AlGaAsSb and InGaAsSbN/GaSb QW samples. The corresponding peak positions are tabulated in Table I . Both QW samples exhibit sharp GaSb LO ͑235 cm −1 ͒ and GaSb TO ͑226 cm −1 ͒ modes, as well as second order GaSb modes. The InGaAsSb QW displays sharp peaks at 111 and 143 cm −1 with an intensity equivalent to the GaSb LO peak, a sharp peak at 321 cm −1 , and a broad peak centered at 436 cm −1 . In the InGaAsSbN QW, the first peak at 111 cm − 
D. Raman spectroscopy
IV. DISCUSSION
A growth temperature of 370°C was found to be optimum in terms of improved x-ray and PL peak intensities of the QW with a PL FWHM as low as 5 meV. No misfit dislocations were observed in the dark field STEM images of the layers examined. This was further confirmed by performing fast Fourier transform ͑FFT͒ of HRTEM images to obtain the power spectral density diffractogram. An inverse FFT was carried out only on the planes perpendicular to the interface to observe any evidence of misfit dislocations at the interface. Hence, the presence of Pendellosung fringes in HRXRD spectra and the absence of any misfit dislocations and distinct sharp interfaces, including those between the 5 nm GaSb layers and the quantum well, in the TEM images of the unannealed sample are clear evidence for the growth of high quality coherently strained QW layers.
A PL peak energy reduction of 120 meV with respect to non-nitride QW is observed in the as-grown InGaAsSbN QW with 1% N incorporation. This is in reasonable agreement with the 90-100 meV redshift calculated by Li et al. 15 for In 0.3 Ga 0.7 As 0.15 Sb 0.84 N 0.01 . However, the reduction in the PL intensity of the nitride QW as compared to the nonnitride QW can be attributed to the presence of N-induced nonradiative recombination centers, which play a significant role in dilute nitride systems. 16, 17 In addition, Wang et al. 18 reported a reduction in the carrier lifetimes with the introduction dilute nitride to GaSb-based systems.
The in situ annealed InGaAsSbN QW sample exhibited a further redshift of 7 meV with simultaneous decrease in the QW PL peak intensity. Although the effect of annealing on antimonide/nitride QWs has not been reported in the literature to the best of our knowledge, the effect of thermal annealing on InGaAsSb layer properties grown on GaSb substrates has been extensively studied. 19, 20 These investigations reveal that thermal annealing of the entire QW structure results in an overall increase in PL intensity with a blueshift in the emission wavelength. Wang et al. 20 attributed the blueshift observed in their InGaAsSb/AlGaAsSb samples after rapid thermal annealing to the atomic interdiffusion of group-III and group-V elements. They argued that Al and Sb diffuse into the QW while In and As diffuse out of the QW into the barrier layer due to the concentration gradient between the barrier and the QW. Although our HRXRD data show the nitride QW to be invariant with the in situ anneal, which would imply that the QW composition is unaffected by annealing, the Z-contrast STEM micrographs clearly show that interdiffusion between the quantum well and 5 nm GaSb layers exists. Indeed, the GaSb layers are no longer observed as distinct layers, as shown in Fig. 6͑d͒ . That is, the effective thickness of the quantum well is increased, consistent with the redshift observed in PL. We suggest that the invariance of the QW in HRXRD may imply that the observed interdiffusion involves group-V elements only. This would be consistent with Wang et al., 20 who showed that the in-plane strain is relatively invariant with increasing diffusion length for group-V interdiffusion only. Layer interdiffusion in III-V semiconductors is a complex process involving atomic species concentration gradients, charged point defects, dopant type, and position of the Fermi level. [21] [22] [23] Previous studies 24, 25 on Ga and Sb self-diffusion in GaSb resulted in significantly different values ͑ϳ10 3 times͒ for the Sb diffusion coefficient, which led the authors to propose conflicting mechanisms: a coupled diffusion mechanism 25 involving V Ga and Ga Sb antisites versus Ga and Sb diffusions 24 on their respective sublattices independently.
The Raman spectra of InGaAsSb and InGaAsSbN QW samples show sharp LO and TO phonon modes of GaSb. Features observed lower than the GaSb LO modes are attributed to disorder activated longitudinal acoustic phonon modes. 26, 27 Second order Sb peaks 28 are manifested as the broad satellite peaks in the range of 260-280 cm −1 immediately to the right of GaSb LO phonon mode in both the QWs. The sharp peak at 321 cm −1 observed only in InGaAsSb QW arises from the AlSb LO mode as AlGaAsSb barrier layer is present only in this sample below the QW. The broad peak encompassing the 320-350 cm −1 spectral range observed in InGaAsSbN QW could be attributed either to disorder in the film or an alloy of GaSbN, as these are located between the GaSb and GaN LO peaks. The broad peak centered at around 436 cm −1 is assigned 28 to the second order GaSb mode due to combinations and overtones of GaSb optical mode as it is seen in both the QWs. This peak becomes sharper, more intense, and splits to form a doublet close to the broad peak in the nitride QW. The presence of these well resolved peaks and with higher intensity in nitride QW layers, along with the presence of sharp second order modes of GaSb at 436 cm −1 and possibly at 466 cm −1 , are indicative of the improved overall crystalline quality of the QW, with respect to the non-nitride sample. This is also consistent with the improved FWHM of the QW PL emission and the corresponding HRXRD peak ͑not shown here͒ for the nitride QW sample. It is to be noted that the shift in the HRXRD peak toward the substrate peak in the nitride sample, which results in a reduction in strain of the nitride sample, may also contribute to the improved overall crystalline quality of the nitride QW.
The peak at 112 cm −1 observed in both nitride and nonnitride samples is identified as E g acoustic mode of crystalline Sb. 26 The strong peak at 143 cm −1 in InGaAsSb QW sample is assigned to A 1g Sb elemental mode. 26, 27 In order to verify the origin of elemental A 1g Sb mode in Raman spectrum, whether elemental Sb is present as a result of Sb accumulation on top due to its surfactant nature, x-ray diffraction spectra on these two samples were examined at a grazing incidence of 0.6°͑not shown here͒. Both the InGaAsSb and InGaAsSbN QWs exhibited different GaSb diffracted peaks of varying intensities, suggesting that the presence of Sb as an overlayer is unlikely. Hence, the origin of A 1g Sb mode is attributed to the presence of Sb antisites ͑Sb on Ga sites͒ present in the layers, as suggested by Haworth et al. 26 in their investigation of the InSbN material system. Subsequent Raman measurements on AlGaAsSb layers only revealed that the presence of Sb antisites in our structures is related to the underlying AlGaAsSb layer, which is present for the non-nitride sample only in our study. In general, the nitride QW sample exhibits well defined Raman peaks of higher intensity than observed in the non-nitride one. However, since the GaSb second order peak ͑in particular at 466 cm −1 ͒ overlaps with the N Raman peak, it is more difficult to assess the role of N in the nitride QW. It is to be noted that these are preliminary results.
In the InSbN system 26, 27 where growth is carried out in a similar low temperature regime, plasma power and annealing conditions have been shown to strongly influence the ratio of Sb antisite and Sb-N related defects. Further, this ratio seems to be strongly dependent on the growth and postdeposition annealing temperatures as well. 26 Thus, optimization of the N flux, plasma power, and/or annealing conditions is anticipated to yield further improvement for these nitride QWs. We have recently attempted to penetrate the miscibility gap further by increasing the In concentration to 50%, which showed promising results and will form a focus of our future work.
V. CONCLUSION
MBE growth of InGaAsSbN/GaSb QWs with a 10 K PL emission at 2.27 m with a FWHM of 5 meV has been demonstrated. This corresponds to a redshift of 120 meV for 1% N incorporation in the QW layers compared to a nonnitride QW sample. Good PL emission could be obtained only under a very narrow growth window. The sharp Raman and low temperature PL peaks, presence of Pendellosung fringes in HRXRD spectra, and well-delineated interfaces observed in the TEM images of InGaAsSbN QW are indicative of excellent quality of the grown structure. HRXRD data and Z-contrast STEM images of in situ annealed samples suggest interdiffusion of the group-V elements between the QW and neighboring GaSb layers, which smears the interface, leading to an effective thicker quantum well with a resultant 7 meV redshift in the PL peak emission. These data show that there is considerable opportunity for improvement in the PL intensity from these QWs by further fine tuning the growth and annealing conditions and the potential for further redshift of the wavelength at higher In concentration.
